This report shows that loss of heterozygosity at the mannose 6-phosphate͞insulin-like growth factor II receptor (M6P͞IGF2R) locus occurred in 5͞8 (63%) dysplastic liver lesions and 11͞18 (61%) hepatocellular carcinomas (HCCs) associated with the high risk factors of hepatitis virus infection and liver cirrhosis. Mutations in the remaining allele were detected in 6͞11 (55%) HCCs, including deletions in a polydeoxyguanosine region known to be a target of microsatellite instability. M6P͞IGF2R allele loss was also found in cirrhotic tissue of clonal origin adjacent to these dysplastic lesions and HCCs, demonstrating that M6P͞IGF2R inactivation occurs early in liver carcinogenesis. In conclusion, HCCs frequently develop from clonal expansions of phenotypically normal, M6P͞IGF2R-mutated hepatocytes, providing further support for the idea that M6P͞IGF2R functions as a liver tumor-suppressor gene.
Hepatocellular carcinoma (HCC) is the most common type of malignancy in sub-Saharan Africa, Southeast Asia, Japan, and much of China and is the most common cause of cancer death worldwide (1) . Etiological risk factors for HCC formation include hepatitis virus (HV) infection, alcohol consumption, and dietary exposure to aflatoxin B 1 (1, 2) . The p53 tumor suppressor gene is a target for mutation in HCCs, especially in humans exposed to aflatoxin B 1 , and its loss has generally been shown to occur late in transformation (3) . The early molecular events involved in multistage liver carcinogenesis, however, still remain to be elucidated.
The mannose 6-phosphate͞insulin-like growth factor-II receptor (M6P͞IGF2R) plays a critical role in regulating cell growth by facilitating the activation of the growth inhibitor transforming growth factor ␤ (TGF␤) (4, 5) and inactivating the growth stimulator insulin-like growth factor-II (IGF2) (6) . Loss of this receptor is therefore predicted to both increase cell proliferation and reduce apoptosis, consistent with the M6P͞ IGF2R gene functioning as a tumor suppressor. We have recently shown that M6P͞IGF2R is mutated in HCCs developing in patients without HV infection or liver cirrhosis (7, 8) ; however, the majority of HCCs arise in patients with these clinical conditions (1) . The results of this study demonstrate that M6P͞IGF2R is also frequently mutated in HCCs associated with the high risk factors of HV infection and cirrhosis, and that M6P͞IGF2R gene inactivation occurs early in liver carcinogenesis.
MATERIALS AND METHODS
Patients. Frozen tissue sections (n ϭ 6) or paraffinembedded tissue sections (n ϭ 31) from 27 patients with histopathologically confirmed HCC or liver dysplasia (S. Finkelstein) were obtained from the University of Pittsburgh and the University of Miami. All patients had a history of HV infection and͞or cirrhosis. These patients had undergone hepatic resection or transplantation for the treatment of their disease.
Tissue Microdissection and Loss of Heterozygosity (LOH) Analysis. The microdissection and polymerase chain reaction (PCR) conditions employed were described previously (7, 9) . Liver stroma was used as the normal tissue. Purified PCR products were digested with 10 units of EcoRI, and then labeled with [␣-33 P]ATP (2,000 Ci͞mmol, 10 mCi͞ml; 1 Ci ϭ 37 GBq) using 2.5 units of the large (Klenow) fragment of DNA polymerase I. Labeled products were analyzed for LOH as previously described (7, 9) . Due to the potential of contaminating the tumor tissue sample with normal stroma, allele loss in informative patients was defined as a Ͼ50% decrease in the ratio of the two alleles in the target tissue versus that in the surrounding normal stromal tissue. This was quantified using a densitometer. Statistical comparisons were performed with the Fisher exact test (10) .
Direct Sequencing of PCR Products. Genomic DNA was amplified and sequenced as previously described (8, 9) . Since infidelity of Taq DNA polymerase can introduce errors during PCR, a number of precautions were taken. Normal and mutant templates were amplified in two or more independent PCRs, and mutants were confirmed by direct sequencing in both directions.
Primer pairs were as follows: Identification of exon 27 mutations. First-round primer pair: 5Ј-GAAAATGTGAATGCGTGTGTGG-3Ј and 5Ј-ACT-CATGTTTCTGACTCAAGGG-3Ј. Second-round primer pair: 5Ј-GCGTGTGTGGTTGCAGTTGCCC-3Ј and 5Ј-CCTTTGCAACAAAAGGAAAACG-3Ј.
Identification of exon 28 mutations. First-round primer pair: 5Ј-AGT T TGACAGCCTAGGGACCCG-3Ј and 5Ј-TC-CCAGCAGCCTGAGGGTGGGG-3Ј. Second-round primer pair: AGTTTGACAGCCTAGGGACCCG-3Ј and 5Ј-AGAC-CCCGCTGAGGGCCGTCGG-3Ј.
Identification of exon 31 mutations. First-round primer pair: 5Ј-GCCGTGCCCTCCAGAAGCAGCC-3Ј and 5Ј-CACTT-GGCTCTCGCTGCAGGTG-3Ј. Second-round primer pair: 5Ј-CGCGTGTCTGCTGGGTGGCTCC-3Ј and 5Ј-GGATG-GTGGTTGACTTTTTCCG-3Ј.
Immunohistochemical Staining for M6P͞IGF2R. Frozen sections were fixed in Omnifix II (An-Con Genetics, Melville, NY) and immunoperoxidase stained with diaminobenzidine as previously described (8) . In all cases, nonimmune rabbit IgG was used as a negative control on serial sections (data not shown). The sections were counterstained with hematoxylin.
RESULTS AND DISCUSSION
The human M6P͞IGF2R gene maps to chromosome 6q26 (11) . It has both a polymorphic dinucleotide repeat sequence and a tetranucleotide deletion͞insertion polymorphism in the 3Ј untranslated region of the gene that are useful in determining LOH at this locus by PCR technology (12) . We used these polymorphisms to first screen for M6P͞IGF2R heterozygosity in 27 patients associated with HV infection and͞or liver cirrhosis (Fig. 1) . Eighteen of the 27 (67%) patients were informative (heterozygous) for these polymorphisms, a frequency consistent with that previously reported (7, 9, 12) . Summary data for the M6P͞IGF2R-informative patients are provided in Table 1 .
Three pathological lesions believed to depict different stages of liver carcinogenesis (i.e., cirrhotic nodules, premalignant dysplastic lesions, and primary HCCs) (13) were analyzed for LOH at the M6P͞IGF2R locus (Fig. 1) . LOH was observed at the M6P͞IGF2R locus in 11͞18 (61%) of the HCCs (Table 1) . This LOH frequency is not significantly different (P Ͼ 0.1) from that previously observed in HCCs that developed in patients without HV infection and cirrhosis (i.e., 63%) (7). Thus, M6P͞IGF2R allele loss is a common event in HCCs irrespective of whether the patients are HV-infected and͞or have liver cirrhosis.
Mutations should also be present in the remaining allele of those HCCs exhibiting LOH if the M6P͞IGF2R is a tumor suppressor gene, as our previous results in both liver (7, 8) and breast (9) tumors indicate. Since the M6P͞IGF2R gene is large (i.e., cDNA, 9.1 kb; genomic DNA, Ͼ100 kb) (14, 15), we focused our mutational screening on those receptor regions associated with ligand binding (i.e., exons 27, 28, and 31) (6, 16) and previously shown to be mutated in other tumors (8, 9, 17) . We found M6P͞IGF2R missense mutations and single base deletions in 6͞11 (55%) of HCCs with LOH (Tables 1 and 2 ). None of the observed mutations were found in the corresponding normal stromal tissue. A G⅐C 3 C⅐G transversion that results in a Cys-1262 3 Ser substitution was identified in 1͞11 (9%) HCCs with LOH (Tables 1 and 2) ; the patient had HCV-induced liver cirrhosis ( Table 1 , case 24, patient 16). This mutation occurred in exon 27 of the M6P͞IGF2R gene, which encodes a region of the receptor associated with phosphomannosyl glycoprotein binding (6, 16) . The amino acid alteration is predicted by the Chou-Fasman algorithm to decrease ␤-sheeting. Additionally, Cys-1262 is conserved among human, bovine, rat, and mouse, suggesting a significant functional role for this amino acid.
Single G deletions were identified in a M6P͞IGF2R poly deoxyguanosine [poly(G)] region of exon 28 in 3͞11 (27%) HCCs with LOH (Tables 1 and 2 , Fig. 2A (20) . Therefore, our findings suggest that the poly(G) region of the M6P͞IGF2R may be a target of MI also in HCCs developing in patients with these clinical risk factors.
These single G deletions cause a frameshift resulting in the substitution of the stop codon TAA for the Leu-1343 codon. Truncation of the M6P͞IGF2R protein at this position prevents the synthesis of the IGF2 binding domain, the transmembrane domain, and the intracellular lysosomal trafficking region, suggesting that if this truncated receptor is synthesized, it would be secreted (6, 16) . Immunohistochemical staining for the M6P͞IGF2R protein in a HCC with both LOH and a G deletion in the remaining allele shows a significant lack of the receptor (Fig. 2B ) compared with normal hepatocytes (Fig.  2C) . Immunohistochemical staining was also absent in another HCC (Table 1, A G⅐C 3 T⅐A transversion that results in a Gly-1449 3 Val substitution was identified in 2͞11 (18%) HCCs with LOH (Tables 1 and 2) . One of these patients had HCV-induced cirrhosis (Table 1 , case 7, patient 4) and the other patient had alcohol-induced cirrhosis (Table 1 , case 14, patient 8). This G⅐C 3 T⅐A transversion occurs in exon 31 of the M6P͞IGF2R gene, which encodes a region of the receptor closely associated with both phosphomannosyl glycoprotein and IGF2 ligand binding (6, 16) . The amino acid alteration is predicted by the Chou-Fasman algorithm to increase ␤-sheeting. Gly-1449 is also conserved among human, bovine, rat, and mouse, indicating functional importance of this amino acid. Interestingly, this mutation is identical to that previously identified in HCCs not associated with HV infection or cirrhosis. The overall frequency of this mutation is 13% in HCCs (8) . This establishes the G⅐C 3 T⅐A transversion as a potential M6P͞IGF2R mutational ''hot spot'' in human liver cancer.
Evidence suggests that dysplastic liver lesions are both clonal and precursors to HCCs (13, 21) . To determine whether M6P͞IGF2R inactivation occurs early in liver carcinogenesis, premalignant dysplastic lesions were screened for LOH (Fig.  1) . Dysplastic lesions were defined as cirrhotic nodules in which hepatocytes showed enlarged pleomorphic nuclei and included both large and small cell types (22) . Dysplastic hepatocytes were present in the form of atypical cirrhotic nodules that were large and often poorly demarcated. LOH was detected at the M6P͞IGF2R locus in 5͞8 (63%) premalignant dysplastic lesions ( Table 1 ). The LOH frequency is not significantly different (P Ͼ 0.1) from that for HCCs (61%). This demonstrates that M6P͞IGF2R allele inactivation occurs early rather than late in the pathogenesis of liver tumors. Cirrhotic nodules have generally been regarded as hyperplastic regenerative lesions, but some also arise by clonal expansion (23) (24) (25) . Therefore, we questioned whether the cirrhotic nodules adjacent to dysplastic lesions and HCCs had M6P͞IGF2R allele loss, a genetic change observable only if the cirrhotic nodules were of clonal origin (Figs. 1, 3, and 4) . A randomly chosen cirrhotic nodule in each liver tissue section that contained either a dysplastic lesion or an HCC was examined for M6P͞IGF2R allele inactivation. M6P͞IGF2R allele loss was observed in 9͞10 (90%) cirrhotic nodules when the adjacent tumor lesions also had the M6P͞IGF2R mutated. Furthermore, the same allele was inactivated in the cirrhotic nodule and tumor lesion. In contrast, the frequency of M6P͞ IGF2R allele loss (0͞3) was significantly lower (P ϭ 0.01) in the cirrhotic nodules when they were adjacent to tumor lesions in which the M6P͞IGF2R was not mutated.
To further these studies, the distribution of the cirrhotic nodules with M6P͞IGF2R allele loss was mapped in four tissue sections. Two representative cases are shown in Figs. 3 and 4 . The patient in Fig. 3 had HCV-induced liver cirrhosis (Table  1 , case 7, patient 4). Twelve cirrhotic nodules (Fig. 3A) composed of phenotypically normal hepatocytes (Fig. 3B ) adjacent to HCC regions 1 and 2 were assessed for LOH (Fig.  3C) . All of the cirrhotic nodules examined had lost allele A1 (Fig. 3 A and C) . Thus, each of these 12 cirrhotic nodules is a clonal neoplastic lesion, since both alleles of the M6P͞IGF2R would be present if they were hyperplastic regenerative lesions. M6P͞IGF2R allele loss in these cirrhotic nodules is also not random, since only allele A1 is missing. This is consistent with the 12 cirrhotic nodules arising from either a single or a very few progenitor cells lacking allele A1. Clonal cirrhotic nodules occurring in clusters, as in this patient, is consistent with the clonal expansion preceding the fibrous septa formation involved in the pathogenesis of cirrhosis (13, 25) . The LOH pattern in these cirrhotic nodules is also identical to that of the associated HCC, indicating that the liver tumor developed from this clonal cirrhotic nodular tissue.
A more heterogeneous pattern of M6P͞IGF2R allele loss is evident in the liver tissue from the HBV-and HCV-infected patient in Fig. 4 (Table 1, case 12, patient 7) . Cirrhotic nodules 6-11 adjacent to HCC regions 1-5 lost allele A1, indicating that these nodules again arose from either a single or very few progenitor cells lacking allele A1. Cirrhotic nodule 12 is also a clonal lesion; however, since allele A2 rather than A1 is lost, it developed from a different precursor cell than cirrhotic nodules 6-11. Cirrhotic nodules 13-16 are distant from the HCC. They have retained both alleles of the M6P͞IGF2R gene, demonstrating that these nodules are hyperplastic regenerative lesions rather than clonal neoplastic lesions. These results show that the HCC has the same M6P͞IGF2R pattern of allele loss as the adjacent cirrhotic nodules. This again supports the postulate that the liver tumor arose from the clonal, M6P͞ IGF2R-mutated cirrhotic tissue. These results stress that M6P͞ IGF2R allele inactivation is a very early event in human liver carcinogenesis, occurring even prior to observable phenotypic changes in the hepatocyte.
When both M6P͞IGF2R alleles are mutated in the HCCs, only one allele is inactivated in the adjacent clonal cirrhotic tissues. This implies that inactivation of a single M6P͞IGF2R allele may be sufficient to provide a selective growth advantage to the mutated hepatocytes. Alternatively, M6P͞IGF2R-mutated hepatocyte growth may be facilitated by HV factors inhibiting the normal M6P͞IGF2R protein function in a manner similar to that observed with the HBV X transactivator and p53 (26) . Finally, M6P͞IGF2R allele inactivation may not alter hepatocyte growth potential, but rather clonal expansion of these mutated hepatocytes may occur simply because they fortuitously survived chronic HV infection and͞or alcohol toxicity (27) . Irrespective of the mechanism for the clonal growth of these M6P͞IGF2R-mutated hepatocytes, the consequence of their proliferation is a greatly enlarged population of premalignant cells in which only a single genetic hit is required to completely inactivate M6P͞IGF2R tumor suppressor function.
Liver is not the only organ in which regions of normalappearing tissue have a clonal origin. Entire lobules and large ducts of normal breast tissue have been shown to be derived from a single progenitor cell (28) . Furthermore, LOH at various chromosomal locations has been detected in morphologically normal lobules adjacent to breast tumors, implying there are localized regions of breast tissue at increased risk for transformation (29) . Multiple head and neck tumors that develop in a localized region may also have a common clonal origin (30) . Thus, the clonal expansion of normal-appearing but genetically altered cells has been documented in a number of tissues. This may explain the interesting phenomenon of multiple primary tumors arising in a localized region (i.e., ''field cancerization'') initially described in 1953 by Slaughter and colleagues (31) . Our results provide strong evidence that M6P͞IGF2R plays a role in the formation of these clonal premalignant lesions in the liver. Involvement of M6P͞IGF2R in this process in other tissues, such as the breast, is also possible, since this gene is lost frequently at an early stage in breast carcinogenesis (9) .
Our finding that M6P͞IGF2R inactivation is an early event in liver carcinogenesis may provide new and better approaches for both the diagnosis and treatment of liver cancer. These results may also have an impact on human carcinogen risk assessment based upon rodent studies, because M6P͞IGF2R is genomically imprinted in mice (i.e., monoallelic expression) but not in most humans (i.e., biallelic expression) (for review see ref. 32 ). Inactivation of M6P͞IGF2R would require two genetic events in humans but only one in mice. Thus, mice potentially may be more sensitive than humans to those carcinogens in which M6P͞IGF2R is mechanistically involved in the transformational process.
In conclusion, this study has shown that the M6P͞IGF2R gene is inactivated in both dysplastic liver lesions and HCCs associated with the high risk factors of HV infection and cirrhosis. The M6P͞IGF2R gene is also often mutated in cirrhotic nodules of clonal origin adjacent to these lesions. These findings demonstrate that the M6P͞IGF2R is lost frequently and early in human liver carcinogenesis, and they provide further evidence that M6P͞IGF2R functions as a liver tumor-suppressor gene.
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